Optical excitations and thermoelectric properties of 2D holey graphene by Singh, Deobrat et al.
Optical excitations and thermoelectric properties of 2D holey graphene
Deobrat Singh,1, ∗ Vivekanand Shukla,1, † and Rajeev Ahuja1, 2
1Condensed Matter Theory Group, Department of Physics and Astronomy,
Uppsala University, Box 516, SE-75120, Uppsala, Sweden
2Applied Materials, Department of Materials and Engineering,
Royal Institute of Technology (KTH), SE-10044 Stockholm, Sweden
(Dated: May 19, 2020)
Recently, holey graphene (HG) has successfully synthesized at atomic precission of hole size and
shape. This shows interesting physical and chemical properties for energy and environmental ap-
plications. Shaping of the pores also transforms semimetallic graphene to semiconductor holey
graphene, which opens new door for its use in electronic applications. We systematically investi-
gated the structural, electronic, optical and thermoelectric properties of HG structure using first-
principles calculations. HG was found to have a direct band gap with 0.65 eV (PBE functional), 0.95
eV (HSE06 functional) and HSE06 functional is in good agreement with experimental results. For
the optical properties, we use single-shot G0W0 calculations by solving the Bethe-Salpeter equation
to determining the intralayer excitonic effects. From the absorption spectrum, we obtained the
optical gap of 1.28 eV and a week excitonic binding energy of 80 meV. We have found the large
values of thermopower of 1662.59 µV/K and better electronic figure of merit, ZTe as 1.13 from the
investigated thermoelectric properties. Our investigations exhibit strong and broad optical absorp-
tion in the visible light region, which makes HG monolayer a promising candidate for optoelectronic
and thermoelectric applications.
I. INTRODUCTION
The first acknowledged isolation and discovery of
single-layer graphene by backward exfoliation of graphite
was accomplished in 2004 by Geim and coworkers[1, 2].
Since then, significant efforts to study the captivat-
ing attributes, applications, and synthesis methods of
graphene have commenced to new research directions[3,
4]. Graphene consists of a monolayer of carbon atoms
in a honeycomb arrangement with sp2 hybridized car-
bon atoms that exhibit unusual and interesting electrical,
optical, thermal, and mechanical characteristics. Along
with other properties, graphene has resulted in increased
research attention for realizing its applicability on a real-
istic scale[5–7]. It is well understood that graphene man-
ifests high electrical conductivity, a frictionless surface, a
high ambipolar electric field and quantum hall effects at
room temperature. Besides, graphene is believed to be
the strongest material ever known to humankind and ex-
hibits high carrier mobility[8–10]. Graphene is an excel-
lent candidate for transparent and conductive composites
and electrodes, thin-film transistors, and photonics appli-
cations due to these unique properties. However, despite
having all these unique properties, the intrinsic disper-
sion of graphene possesses a zero-gap electronic structure.
This leads to limitations for its use in some electronic ap-
plications such as transistors, where it exhibits extremely
high off-state current and very low on/off ratio[11, 12].
This particular limitation of graphene acted positively
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and served as motivation for scientific endeavors to syn-
thesize, design, and fabricate novel 2D materials during
the last one decade[13–15]. We got full family or 2D
materials with a variety of different properties and appli-
cations. Apart from this, several physical and chemical
strategies such as oxidation, hydrogenation and fluorina-
tion have been tried out to produce an electronic gap in
graphene pertaining to its high mobility[16–19].
In recent years, the perforation of 2D materials
emerged as effective maneuvering to enhance electronic,
mechanical, optical properties and broaden the applica-
bility exceeding its pristine structure[20–23]. Perfora-
tion of graphene, which is also known as holey graphene
(HG) with small holes turns out to be permeable, and
this change, combined with graphene’s intrinsic strength
and layered thickness, directs to its future application as
the most flexible, and selective filter for tiny substances
including biomolecules, greenhouse gases, and salts[24–
26]. Exceeding this when the spacing between holes is
repeatedly reduced to a few atoms transforms its elec-
tronic structure from semimetal to semiconductor[27].
There have been several theoretical reports in various
HG with different pore sizes[28–31]. HG can have as-
tonishing properties owing to the quantum confinement
effect, although the controlled experimental realization
of HG with finite perforation remains a challenging task.
Recently group in Spain has (Moreno et al. Science
2018,360, 199) has devised a way to synthesize the ho-
ley graphene with outstanding precision in bottom up
on surface method starting from organic molecules[32].
Apart from this, they also have been successful in trans-
ferring it to the dielectric substrate, which enhances the
possibility of using the HG for possible device applica-
tions where it can replace the bulkier, more rigid silicon
components used today.
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2Nowadays, due to their unexceptionable electronic
transport properties, the two-dimensional (2D) materi-
als have demonstrated superior potential applications in
thermoelectric (TE) energy generation, and direct con-
version of heat to electricity. The properties of TE ma-
terials are characterized by the dimensionless figure of
merit (ZT), ZT = σ S2T/(κe + κl), where S is the See-
beck coefficient, σ is electric conductivity, T is absolute
temperature and κe and κl) shows the electronic thermal
conductivity and lattice thermal conductivity in which
lattice thermal conductivity relative with lattice vibra-
tions (phonon) and κe is electronic thermal conductiv-
ity related with electronic structure. The large values of
ZT for TE materials are important for practical thermo-
electric device applications. Past few years the intensive
research work has been done to enhanced the ZT values
of the nanostructured manterials for high thermoelectric
performance[33–36].
Taking to this as a motivation, in the present work,
we study HG structural electronic optical and thermo-
electric properties with hybrid functional HSE06. Fur-
ther, we also investigated G0W0+BSE method for ex-
citonic optical properties, since to our knowledge there
is no work has been done on this HG with G0W0+BSE
hence this work is timely. The GW+BSE approach is
much more accurate for optical properties for excitonic
effect due to its quasi particle treatment. In the pre-
vious investigations [32] suggest that the QP band gap
of HG monolayer is overestimated as compare to exper-
imental band gap. In this study, the HSE06 functional
gives more accurate band gap and it is consistent with
experimental work. We found that the strong optical ad-
sorptions in the visible light region for HG monolayer.
Also in thermoelectric properties, we have calculated the
Seebeck coefficient (thermopower), electrical conductiv-
ity, electronic thermal conductivity and electronic figure
of merit. Our results suggest that novel 2D planar HG
has better visible light absorption which makes 2D HG
a promising candidate for potential applications in the
field of opto and thermo electronic devices.
This paper is categorized in the following sections. In
the section II, we describe the computational methods
employed in the present work. In section IIIA, we study
the structural and electronic properties of HG monolayer.
Section III B shows the excitonic effect, and investigates
the optical proprieties of HG monolayer. Finally, based
on electronic transport, section III C explores the ther-
moelectric properties of HG monolayer.
II. COMPUTATIONAL METHOD
The electronic structure are based on first-principles
calculations and we employed the plane-wave basis pro-
jector augmented wave (PAW) method in the frame-
work of density-functional theory (DFT)[37]. For the
exchange-correlation potential, the generalized gradient
approximation (GGA) in the form of Perdew-Burke-
Ernzerhof (PBE) [41,42] was employed as implemented
in the Vienna Ab Initio Simulation Package (VASP)
software[38]. The inherent underestimation of the band
gap given by DFT within the inclusion of hybrid func-
tional is corrected by using the Heyd-Scuseria-Ernzerhof
(HSE06)[39] screened-nonlocal-exchange functional of
the generalized Kohn-Sham scheme. The charge trans-
fers in the structures was determined by the Bader
analysis[40]. The energy cutoff value for the plane-wave
basis set was taken to be 500 eV. The total energy was
minimized until the energy variation in successive steps
became less than 10−6 eV in the structural relaxation
and the convergence criterion for the Hellmann-Feynman
forces was taken to be 10−3 eV/. 2x4x1 Γ centered k-
point sampling is used for the primitive unit cell. The
Gaussian broadening for the density of states calculation
was taken to be 0.10.
The dielectric function and the optical oscillator
strength of the HG monolayer were calculated by solving
the Bethe-Salpeter equation (BSE) on top of single-shot
G0W0 calculation, which was performed over standard
DFT calculations[41, 42]. The G0W0+BSE approach ac-
counting for both e-e and e-h effects. Here, e-e and e-h
represent the electron-electron and electron-hole corre-
lation effects, respectively. During this process we used
2x4x1 Γ centered k-point sampling. The cutoff for the re-
sponse function was set to 250 eV. The number of bands
used in our calculations is 340. The cutoff energy for the
plane waves was chosen to be 400 eV. We included 36
valence (occupied orbitals) and 72 conduction (unoccu-
pied orbitals) bands into the calculations for the dielec-
tric function of HG monolayers in the BSE calculations.
In previous investigations, 96 converged empty states for
MoS2 monolayer[43] and 150 empty states were taken
for GW calculations for bulk system with semiconduc-
tors and insulators by Shishkin and co-workers[44].
Further the electron transport properties are computed
by using semi-classical Boltzmann transport theory with
the relaxation time approximation and rigid band ap-
proximation as implemented in the BoltzTraP code[45].
In the thermoelectric properties, we obtain the Seebeck
coefficient (thermopower) α which is independent of the
relaxation time τ , electrical conductivity σ, electronic
thermal conductivity κe which depends on the relax-
ation time τ . In order to evaluate the thermoelectric
properties, we use the electronic figure of merit, ZTe
= S2σT/κe, which shows the characteristics of electron
transport and gives the upper limit of total ZT.
III. RESULTS AND DISCUSSION
A. Structural and electronic properties
The optimized structure of HG monolayer is depicted
in Figure 1. Due to the presence of two pore with differ-
ent orientation, it has large unit cell with lattice param-
eters of a=32.383 Å and b=8.583 Å. Figure 1 shows the
3Figure 1. Schematic representation of the optimized holey
graphene with top and side view.
Figure 2. Electronic band structures and corresponding pro-
jected density of states of holey graphene with (a) PBE func-
tional and (b) HSE06 functional.
top and side view of HG structure which shows the pla-
nar structure. Also, we have calculated the bond length
between C-C and C-H are 1.38 to 1.43 Å and 1.09 Å
which is good consistent with previous work [46, 47].
Moving forward , the electronic band structure and
corresponding projected density of states (PDOS) is pre-
sented in Figure 2(a) using PBE functional. It is evident
from the band structure that it has direct band gap of
0.65 eV at Γ point. One can see that the p-orbital of C
atom is mainly contributing near the Fermi level, EF in
valence band maximum (VBM) and also in conduction
band minimum (CBM) (see Figure 2).There is no con-
tribution from the hydrogen S-orbitals also appears in
VBM and CBM region. The computed band gap is good
consistent with previously investigated work [32, 46–48].
As per we know PBE generally underestimates the band
gap of materials hence to find the more accurate elec-
tronic band structure, we use hybrid functional HSE06,
which involves 25% of Fock exchange (clearify this). The
HSE06 functional give the band gap of 0.95 eV as shown
in Figure 2(b). which is well matched with the experi-
mentally reported bandgap of this perforated monolayer.
The decomposed orbital density of states for HG mono-
layer are displayed in Figure 3 showing three sub-bands:
(1) the lower valence bands (<-3 eV) mainly dominated
by C-px, py and H-s states; (2) the sub-bands dominated
by C-pz states near (valence band) and above (conduc-
−6 −4 −2 0 2 4 6
Energy (eV)
Ar
b.
 u
nit
s
C (py)
C (pz)
C (px)
H (s)
Figure 3. Decomposed orbital density of states of HG mono-
layer with PBE functional functional.
tion band) around the Fermi level; and (3) the strongly
hybridized C-px, py with H-s sub-bands (> 3 eV). These
information is crucial and will help during the interband
transitions involving from the valence band maximum
(VBM) to conduction band minimum (CBM). The pos-
sible interband transition is mainly originates from (i) pi
→ pi∗ with energy range of -3 eV to +3 eV, (ii) pi → σ∗, σ
→ pi∗ and σ → σ∗ for other energy range. In the section
III B, we will take opportunity to discuss about it.
Before moving to the possible optical transition, we
have also calculated the effective mass and carrier mo-
bility of electron and hole in HG monolayer. The simu-
lated effective masses of the electrons (m∗e/m0) and holes
(m∗h/m0) for the CBM and VBM of the HG monolayer
is defined by;
m∗ = ~2
[
∂2E(k)
∂k2
]−1
(1)
where, ~, k and E(k) represents the reduced plank con-
stant, wave vector and the respective energy dispersion
in CBM and VBM. Using the above equation the effec-
tive masses of electron and hole are estimated as 0.025
m0 and 0.025 m0 respectively. In previous report the ef-
fective mass of electron in graphene monolayer was found
to be 0.012 m0[49]. Moreover, the theoretical carrier mo-
bility for a better understanding of the electronic con-
ductance of HG monolayer is calculated by using defor-
mation potential (DP) theory devised by Bardeen and
Shockley[50]. The carrier mobility can be calculated by
following relation[51];
µ =
2e~3C
3kBT | m∗ |2 E21
, (2)
4where, C is the elastic modulus which is calculated by
quadratic fitting of the energy-strain data, kB and T
are the Boltzmann constant and temperature, and m∗ is
the effective mass calculated by using previous equation.
E1 is the deformation potential ( E1 = ∆E (∆a/a), in
which ∆E is the energy shift in the valence/conduction
band edge with respect to the lattice variation (∆a/a).
The calculated electron and hole carrier mobilities are
0.885x103 cm2V−1s−1 and 10.8x103 cm2V−1s−1, respec-
tively. The carrier mobility of HG graphene is lower
than the pristine graphene monolayer which is 3-4x105
cm2V−1s−1 for electron and hole[52–54]. This is good
for nanoelectronic device application because graphene
shows poor on/off ratio due to its extremely high mobil-
ity and semi metallic nature.
B. Optical properties
In this section applying the GW+BSE method, the
optical properties of HG monolayer, such as the real
Re() and imaginary part Im() of the dielectric func-
tion, anisotropic nature of Im(), complex refractive in-
dex, absorption spectra, optical conductivity, electron
energy-loss spectrum (EELS) and reflectively are com-
puted. The e-e correlation is considered to be the imagi-
nary part Im() of the dielectric function for HG by using
G0W0 plus BSE functions. The G0W0 plus BSE, which
establish higher order interaction illustration, i.e., e-e and
e-h effects, is considered to get accurate the electronic de-
scription systematically on top of G0W0. Additionally,
the e-h interaction produces mainly a re-normalization
of the intensity of the optical peaks computed using the
G0W0 plus BSE method. The imaginary part of the di-
electric functions acquired at the G0W0 plus BSE levels
for HG is shown in Figure 4 , one can see that the in-
clusion of both e-e and e-h interactions yields a notewor-
thy red shift, which is good consistent with the previous
results[55]. Another appealing peculiar result is that the
first BSE optical peak is in much better agreement with
the electronic gap by GW method than the other two cal-
culated results, implying the weakly bound excitonic/free
carrier nature of the optical excitation. Consequently,
the physical effect of the e-e and e-h interactions, repro-
duced by the G0W0 plus BSE method, provides a more
accurate result.
In order to examine the optical properties of the HG
monolayers, we solved the BSE equation on top of G0W0
calculation. The imaginary part of the dielectric function
and corresponding oscillator strength of the optical tran-
sitions of HG monolayer is depicted in Figure 4. In this
case, we have two excitonic states with a very strong os-
cillator strength. The starting two peaks appears at 1.28,
and 1.52 eV in the optical spectrum of HG monolayer (see
Figure 4) mainly originate from the optical transitions at
the high symmetry Γ point in the BZ. The second peak
splitted with 0.24 eV of optical transitions is also origi-
nate at the same high symmetry Γ point. It was reported
Figure 4. Imaginary part of the dielectric function (black line)
and the oscillator strength of the optical transitions (red bars)
of holey graphene.
that the band gap is 1.36 eV using self-energy corrections
within the GW method by Moreno et. al.[32]. Accord-
ing to that the excitonic binding energy (EBE) of HG
monolayer is found to be 80 meV which is calculated by;
EBE=EGWg -Eopticalg .
It is clear that the optical anisotropy among E‖X, E‖y
and E‖z largely increases by the inclusion of local field
effects, as shown in Figure 5. The anisotropic results
shows along E‖X and E‖y means in-plane, the allowed
optical transitions observed at 1.28 eV (α), 1.52 eV (β)
and 2.24 eV (γ). According to optical selection rules,
only pi → pi∗ and σ → σ∗ transitions are allowed if the
light polarized parallel to the planar directions. It means
that the mentioned peaks occurs from pi → pi∗ transition.
Moreover, along the z direction i.e., E‖z, out-of-plane, the
allowed optical transitions appears at 3.8 eV and 5.32 eV.
These transition peaks are mainly originate from pi→ σ∗,
or σ → pi∗ transitions which is allowed for perpendicular
polarization direction i.e. E‖z, out-of-plane. Such types
of spectra are useful as they provide valuable information
on optical transition probability corresponding to certain
light wavelength.
Furthermore, the real part of dielectric function shows
the material polarizability. The static values of the real
part of the complex dielectric function at ω=0 is depicted
in Figure 6(a) are 2.40 (with GW+BSE) and 3.25 (with
PBE). From real part of dielectric function, (-)ve values
appears at ≈ 4 eV. It shows the metallic character of HG
monolayer in the ultraviolet (UV) part of the electromag-
netic spectrum. Also, we have compared the imaginary
part of dielectric function with two methods PBE and
GW plus BSE, in which GW plus BSE peaks shifted to-
wards higher photon energy range and compare to PBE
as shown in Figure 6(b).
Figure 6(c) illustrates the computed refractive index of
HG monolayer using PBE, and GW plus BSE. The value
5Figure 5. The imaginary part of the dielectric function E‖X,
E‖y and E‖z corresponding to the holey graphene monolayer
along the x, y and z directions, respectively. The black, red
and blue lines represent the imaginary components along x, y
and z directions, respectively. The z component is the multi-
ple of 100 on y-axis data.
of the static refraction index n(0) in the HG sheet for
is 1.54, and 1.81 using GW plus BSE and PBE, respec-
tively. It is well known that the GW plus BSE method
gives very accurate optical properties. According to that
refractive index of HG monolayer is 1.54. It means that
HG monolayer is fully transparent material because its
refractive index is equal to glass refractive index. From
the Figure 6(c), we can observe that at energies about 4
eV using both method, the refractive index is minimum
and at that values the absorption is maximum. The re-
fractive index, n increases with photon energy in the in-
frared (IR) region, while decreases monotonically in the
visible and UV region and then it steadily decreases. The
maximum refractive index is found to be 1.95 at 1.28 ev
for HG monolayer with GW plus BSE method. This re-
fractive indices could enable HG monolayer to be used
as a optical cavity layer[56]. Additionally, we have cal-
culated the extinction coefficient, K as shown in Figure
6(d). The values of extinction coefficient, K of HG mono-
layer rapidly decrease with increasing photon energy in
the UV region and become oscillatory type of behaviour
after 5 eV. The maximum values of the extinction coef-
ficient found at 4 eV. It means that at this energies the
photons will be absorbed very fast (i.e. penetration depth
will be the shortest at particular photon energy)[57].
Now, we further discuss about the optical absorption
spectra shown in Figure 7(a). The absorption spectra
of HG monolayer computed by PBE and GW plus BSE
method. When the PBE+RPA were included, then the
entire absorption shifted to the lower photon energy i.e.
it shows the red shift, while with e-h interactions included
Figure 6. Optical properties of holey graphene: (a) real part
of the dielectric function, (b) imaginary part of the dielec-
tric function, (c) refractive index and (d) extinction coeffi-
cient with the comparison of PBE functional and GW+BSE
method.
(i.e. GW+BSE), the whole spectrum is shifted towards
higher photon energy. Henceforth, the blue shift of opti-
cal absorption occurs due to the excitonic effects. We can
see that the absorption starts from low photon energy of
0.65 eV with PBE plus RPA and slightly shifted higher
energy at 1.28 eV with GW+BSE methods. The ab-
sorption coefficient of HG monolayer reaches to its max-
imum value of 3.5 eV and 4 eV with PBE+RPA and
GW+BSE, respectively. We found the maximum values
of optical conductivity at same photon energy (like max-
imum optical absorption) as shown in Figure 7(b). After
the 4 eV of photon energy, the optical absorption and
conductivity is drastically decreases with increasing pho-
ton energy and shows oscillatory behaviour. Also, the
electron energy loss spectra, EELS (L) is very useful in
realize plasma resonance phenomena as distinct from nor-
mal interband transitions. Figure 7(c) shows the L of HG
monolayer with two method. Furthermore,there is a large
sharp peak in photon energy at 1.52 eV with GW+BSE
method, and the same peak were found at very low pho-
ton energy with PBE+RPA method. This peak at lower
photon energy comes from the Frenkel exciton[58, 59]
which is related to pi plasmon in the L. The second strong
and sharp peak appears at 5.5 eV which is strongly re-
lated to pi + σ electron plasmon[55]. The reflectivity of
HG monolayer is presented in Figure 7(d). It is notice
that the reflectivity in HG monolayer shows more oscil-
latory nature up to 5.5 eV, after that it rapidly decreases
with increasing photon energy. The maximum reflectiv-
ity is found to be 18 % around 4 eV. The reflectivity
values not exceed 20 % in whole region that why it can
be used in anti-reflective coating. While the reflectiv-
6Figure 7. Optical properties of holey graphene: (a) absorp-
tion spectra, (b) optical conductivity, (c) electron energy loss
function and (d) reflectively with the comparison of PBE func-
tional and GW+BSE method.
ity was found to be 40 % in monolayer graphene by Qiu
and co-workers [60], which is two times larges than HG
monolayer.
C. Thermoelectric properties
In this section, we will discuss the thermoelectric prop-
erties such as Seebeck coefficient α, electrical conductiv-
ity σ, electronic thermal conductivity κe, thermopower,
PF and electronic figure of merit, ZT as a function of
chemical potential for HG monolayer. The thermopower,
α of HG monolayer as a function of chemical potential, µ
is presented in Figure 8(a) at two different temperatures
300K and 800K. The values of µ in (-)ve and (+)ve side
show p-type and n-type doping of the system, respec-
tively. The each term of thermoelectric properties got
enhanced characteristics in p-type and n-type doping in
HG monolayer. From Figure 8(a), we can observe that
the sharp values of thermopower around the Fermi level
(i.e. p-type and n-type doping side) and suppressed at
higher temperature, which indicates an optimal carrier
concentration is favorable for enhancing the thermoelec-
tric performance. The maximum values of thermopower
at room temperature is found to be 1662.59 µV/K in n-
type doping and 645.67 µV/K in p-type doping at 800K.
Because the magnitude of thermopower values is higher
in that region. The thermopower graph is almost similar
values on both side p-type and n-type doping due to the
symmetric nature of valence and conduction bands (see
Figure 2).
The electrical conductivity is depicted in Figure 8(b),
shows the values of σ/τ as a function of chemical poten-
tial with increasing behaviour near to the Fermi level.
Figure 8. Thermoelectric component as a function of chem-
ical potential in the range of -2 eV to +2 eV. (a) Seebeck
coefficient, (b) electrical conductivity, (c) electronic thermal
conductivity and power factor of HG monolayer.
The increasing thermopower correlates with the gradual
decrease in electrical conductivity in p-type and n-type
doping, which clearly reflects the electronic band struc-
ture. The electrical conductivity is also sensitive similar
to the thermopower, σ/τ exibit relatively lower value at
800 K temperature with enhanced value near the Fermi
level (see Figure 8(b)). Overall the electrocal conduc-
tivity is larger in p-type doping than n-type around the
Fermi level. In addition to this the variation of elec-
tronic thermal conductivity with chemical potential is
presented in Figure 8(c). The thermal conductivity is
more sensitive with temperature. The electronic thermal
conductivity shows similar trend to that electrical con-
ductivity. Similar to electric conductivity the values of
κe is relatively higher in p-type doping in HG monolayer.
The power factor, PF (σα2) of HG monolayer is shown
in Figure 8(d). The computed the values of σα2 at two
different temperature is depicted as a function of chem-
ical potential. The maximum PF mainly increases with
band gap decreasing which could be associated to the
increased electrical conductivity[61]. Similar to previous
results the PF also shows larger values in p-type doping
as compare to n-type doping at higher temperature and
it is increases with doping level increasing. Additionally,
7Figure 9. The directional dependence of thermoelectric com-
ponent i.e. zigzag and armchair direction as a function of
chemical potential in the range of -2 eV to +2 eV. (a) Seebeck
coefficient, (b) electrical conductivity, (c) electronic thermal
conductivity and power factor of HG monolayer.
the sharp electronic density of states near the Fermi level
or flat band lines in the electronic band structure near
the Fermi level enhanced the thermopwer α. Further
the high DOS near Fermi energy provides large electrical
conductivity.
Furthermore, we have calculated the directional depen-
dence of thermopower α, electrical conductivity σ, elec-
tronic thermal conductivity κe, PF as a function of chem-
ical potential as shown in Figure 9. The thermopower is
depend on the sharp DOS or flat band lines near the
Fermi level. That why the thermopower values in the
zigzag and armchair direction is same (see Figure 9(a)).
While the electrical conductivity, electronic thermal con-
ductivity and power factor are significantly affected for
directions, which are presented in Figure 9.
From all the transport quantities, we have calcu-
lated the electronic figure of merit, ZT as a function
of chemical potential, at fixed temperatures of 300 K
and 800 K for HG monolayer. At room temperature,
ZT reach maximum in p-type doping levels and corre-
sponding value of 1.13 is observed at chemical poten-
tial of -0.40 eV. Whereas at higher temperature 800
K, ZT value of 0.33 at chemical potential of ±0.22 eV
Figure 10. Electronic figure of merit, ZT (a) average and (b)
zigzag and armchair direction of HG monolayer.
for both p- and n-type doping. Is it good or band
in comparison of these materials. The values of ZT
was 1.02 for boron monochalcogenide[51], ≈ 0.38 in CP
monolayer[62], ≈ 0.75 for arsenene monolayer[63] and ≈
0.78 for antimonene monolayer[63] and 0.08 for single
layer of graphene[64] in the previous investigation. Fur-
thermore, the figure of merit is not affected in zigzag
and armchair directions and remains same. It means
that the electronic figure of merit exhibits isotropic be-
haviour. One can see that the p-type doping level en-
hanced the thermpower as compared to n-type doping
levels. Thus one can conclude that p-type doping in HG
monolayer should be potential thermoelectric materials
at room temperature.
IV. CONCLUSION
In summary, we systematically investigated the elec-
tronic, optical and thermoelectric properties of recently
synthesis novel 2D planar HG monolayer by using first-
principles calculations. To find the accurate optical prop-
erties, we have used GW plus BSE methods. In HG
structure, strong excitonic effects play a crucial role in
optical properties, with a significant small binding en-
8ergy assigned to bound excitons. We found that the hy-
brid functional HSE06 band gap is 0.95 eV, closer to the
experimental value than the results from other reported
works. Also, the optical gap of 1.28 eV was obtained and
an excitonic binding energy of 0.08 eV. The broad ab-
sorptions in the visible light region are found for novel
2D HG monolayer. Interestingly the reflectivity does not
exceed more than 20 % which lower than graphene. This
suggests that this material can be used as a anti-reflective
coating. Moreover, we found the superior thermopower
values of 1662.59 µV/K and corresponding electronic fig-
ure of merit of 1.13 in HG monolayer larger than most of
the 2D materials and graphene monolayer. We suggest
monolayered HG possesses extraordinary electronic, opti-
cal and thermoelectric properties. Our results are timely
and claims that HG is suitable for opto and thermo elec-
tronic device applications.
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